In this paper, a novel online state-of-charge (SOC) correction approach in terms of utilizing only the Ampere-hour (Ah) counting is proposed. The method include updating the battery maximum capacity and a SOC modification and is verified on both fresh and degradation batteries. The algorithm presents reasonable results and is able to modify the SOC to an accuracy within ±3% for full life cycle, which has potential for real application in regular maintenance of hybrid electric vehicles.
Introduction
Ah counting is the most commonly-used method because of its easy implementation and low computation cost. However, it is susceptible to current measurement noise and is likely to suffer from accumulated errors, which is why it typically requires the cooperation of open circuit voltage approach. The open circuit voltage approach determines the initial SOC value based on the monotonous relationship between the open circuit voltage and the SOC, but it takes several hours for the terminal voltage to reach equilibrium, especially after a large current operation, making the correction condition difficult to reach in reality.
Several online high precision and well adaptability algorithms represented by Kalman filter (and extensions such as extended KF (EKF), unscented KF (UKF) and sigma-point KF (SPKF)), PI observer and H-infinity filter are employed to the SOC estimation. These algorithms contingent upon sophisticated equivalent circuit models and require a considerable computation [1] [2] [3] . And they are apt to divergence in the presence of random and transient current and large noise of data acquisition.
final
In this paper, a novel method for SOC correction is proposed. The validation results show good performance throughout full cycle life in terms of correcting large initial SOC errors. This method merely requires Ah counting when calculating the SOC, so the computation cost is significantly low. Plus, the correction is instantaneous made and a small capacity is reserved for restoring the braking energy. Therefore, the proposed approach is appropriate for application in hybrid electric vehicles (HEVs), considering the narrow SOC range of their working conditions.
Experiment
In order to check the adaptability of the capacity model under different aging mechanisms, the batteries were divided into six SOC groups, each has three samples. The experiment was conducted on commercial pouch lithium-ion batteries with nominal capacity of 8Ah. To verify the effectiveness of the proposed method, additional experiment was conducted under 20-80% SOC range, which was considered as the typical range of HEV battery.
Each battery aging cycle comprises a 6C constant current (CC) charging step to 4.2V followed by a constant voltage (CV) step until a cutoff current of C/20 is reached and a CC of 6C discharging step to 2.75V comply by a CC of 1C discharging step to 2.75V. The 0.05C charging curves is obtained after every 200 cycles described above. The charging and discharging of the cells were carried out under the ambient temperature of 25±5°C using an Arbin BT2000 Battery Tester.
Online algorithms for SOC correction and capacity estimation
In order to yield the accurate SOC (listed in Formula 1) at the termination of the C/20 charging process, three sources of errors need to be considered, i.e. the inherent errors of the initial SOC, the degraded battery capacity in the denominator and the accumulative errors over a long period of time caused by unsynchronized time counter and imprecise current measurement.
Where SOCinitial represents the initial SOC; SOCfinal the final recalibrated SOC; Cn the maximum available capacity; i the current at any instance of time, which in the case of charging is positive.
Online algorithms for SOC correction
The incremental capacity analysis (ICA) was first proposed in [4] , which declares that it is a good way to investigate the OCV-SOC [5] . The most common form of IC curve is voltage based IC curve, that is, the incremental capacity of equal discharging/charging voltage difference. Several derivative IC curves emerges in [6, 7] , including the SOC based IC (dQ/dV vs SOC) and force based IC (dF/dQ vs V). And inspired by this, this paper developed a SOC based derivative IC curve that depicts the relationship of dSOC/dV and SOC. And the calculation of the dSOC/dV is illustrated in Formula 2.
The one of the benefits of the SOC based derivative IC curve is that it is insensitive to the ohmic and polarization resistance during the full life cycle. Figure 1 (a) presents the last cycling data of SOC based derivative IC curves of each SOC range, which is 3200 cycles for 0-100%, 5000 cycles for 20-40%, 5200 cycles for 80-100% and 6000 cycles for 0-20%,40-60% and 60-80%.The complete evolution of full range(0-100%), low range(0-20%), medium range(40-60%) and high range(80-100%) are shown in Figure 1(b) . The 20-40% and 60-80% SOC range have similar degradation evolution as 40-60%, therefore is not illustrated in the figure. As demonstrated, the dSOC/dVs of battery cycling under 20%SOC and full range all overlapped at around 58% throughout the degradation, which is potentially suitable for SOC modification if proper smooth method is applied. 
Online capacity estimation
Ref [8, 9] shows that the whole IC peak shown in Figure 2 is relevant to battery capacity. But the whole peak cannot be adopted in this case since the 58% calibration point will arrive earlier than the completion of capacity update. Therefore, the half of the IC peak is chosen to estimate the battery capacity. The cumulative capacity is calculated using Ah counting, ignoring the one-time accumulative error of the testing equipment.
Figure 2 IC curves of cell A15 along with degradation
As can be seen from the Table 1 , the correlation between the battery maximum available capacity and cumulative capacity of a specific voltage range is high (all larger than 0.8), thus it can be used as an indicator for online capacity estimation.
The advantage of using this indicator for capacity estimation is that the voltage range is fixed throughout the full life cycle, in other words, there is no need to adjust the voltage range along with the degradation process. Plus, the voltage range during the charging a) b) process of the battery is roughly equivalent to around SOC 20% to 45%, which is commonly acceptable due to the fact that this SOC range is generally within of a battery's usage range, ensuring that this SOC range is reachable in the practical use. The maximum capacity is calculated using the capacity model illustrated in Formula 3. Cn is the maximum available capacity and Caccumulated is the accumulated capacity of a specific voltage range. The capacity model was fitted using least squares algorithm with the data of 0-100% SOC (cell A14), which has the most degradation compared to other SOC ranges. And the derived results from cell A14 was applied to other cells to verify the fitness. The results are demonstrated in Figure 4 and the corresponding RMSEs are listed in Table 1 . It can be concluded that the RMSEs are small and the maximum absolute error percentage for capacity estimation (calculated by Formula 4) is all within 2% except for cell A4 and A18, which is a little bit bigger than 2% but can be still considered acceptable. Therefore, for batteries going through different aging mechanism, the model of capacity estimation showed reasonable results. 
Figure 4 Capacity model fitting results of all cells

Flow chart of online SOC correction
A block diagram of the SOC correction process is illustrated in Figure 3 . The Cn is first obtained through a previous constructed battery capacity model, which demonstrates the relationship between battery maximum capacity and the charged capacity within a specific voltage range. The initial SOC is then updated through the fixed point of SOC derivative IC curves. Figure 5 display the SOC correction with only erroneous initial SOC and both erroneous initial SOC and battery capacity, simulating the real situation of HEV battery with accumulated errors and degradation. It can be seen that the proposed method is very suitable for modifying the error induced by the initial errors. Although the rate of Ah counting is lower in the case of not updating Cn, leading to the final SOC will be closer to the real one, the SOC with modification still wins over the without modification one. 
Results and Discussion
Conclusions
In this paper, a novel online SOC correction approach is achieved through updating the maximum capacity utilizing the battery capacity model and a SOC based derivative IC curve. The proposed method without fully charged the battery has potential for HEV application. The algorithm receives desirable results and is able to modify the SOC to an accuracy within ±3% for full life cycle.
